Kinesins are ATP-dependent molecular motors that carry cargos along microtubules, generally in an anterograde direction. They are classified into 14 distinct families with varying structural and functional characteristics. KIF17 is a member of the kinesin-2 family that is plus end-directed. It is a homodimer with a pair of head motor domains that bind microtubules, a coiled-coil stalk, and a tail domain that binds cargos. In neurons, KIF17 transports N -methyl-D-aspartate receptor NR2B subunit, kainate receptor GluR5, and potassium Kv4.2 channels from cell bodies exclusively to dendrites. These cargos are necessary for synaptic transmission, learning, memory and other functions. KIF17 ' s interaction with nuclear RNS export factor 2 (NXF2) enables the transport of mRNA bidirectionally in dendrites. KIF17 or its homolog osmotic avoidance abnormal protein 3 (OSM-3) also mediates intraflagellar transport of cargos to the distal tips of flagella or cilia, thereby aiding in ciliogenesis. In many invertebrate and vertebrate sensory cells, KIF17 delivers cargos that contribute to chemosensory perception and signal transduction. In vertebrate photoreceptors, KIF17 is necessary for outer segment development and disc morphogenesis. In the testis, KIF17 (KIF17b) mediates microtubule-independent delivery of an activator of cAMP-responsive element modulator (ACT) from the nucleus to the cytoplasm and microtubule-dependent transport of Spatial-ε , both are presumably involved in spermatogenesis. KIF17 is also implicated in epithelial polarity and morphogenesis, placental transport and development, and the development of specific brain regions. The transcriptional regulation of Kif17 has recently been found to be mediated by nuclear respiratory factor 1 (NRF-1), which also regulates NR2B as well as energy metabolism in neurons. Dysfunctions of KIF17 are linked to a number of pathologies.
Introduction: kinesin superfamily proteins
The kinesin superfamily proteins (KIFs) are microtubulebased molecular motors that convert the chemical energy of adenosine triphosphate (ATP) hydrolysis to the mechanical force of transporting cargos along microtubules. These ATPases were fi rst identifi ed and partially purifi ed from squid giant axons and optic lobes, the bovine brain, the chick brain, and sea urchin eggs (1 -3) . They form a high affi nity complex with microtubules in the presence of a non-hydrolyzable ATP analog and their kinetic property prompted the term ' kinesin ' (1) as the counterpart to the other microtubule-associated ATPase, dynein, described two decades earlier (4) . More than 98 % of all KIFs (611 out of 623 KIF proteins) have been classifi ed into 14 distinct families (kinesin-1 to -14) with many subfamily groupings (5, 6) . Their similarity resides principally in their conserved microtubule and ATP binding head domain, while their diversity in other structural features is associated with diverse functions, such as intracellular transport of vesicles, organelles, protein complexes, and mRNAs. KIFs also contribute to spindle and chromosomal stabilization and movement during mitosis and meiosis, engage in neuronal function and survival, and help in the regulation of microtubule dynamics and developmental patterning (6 -9) . Unlike dynein, which moves cargos toward the minus-ends of microtubules (10) , almost all kinesins (with the exception of KIF2a, kinesin-14, and perhaps kinesin-5 Cin8 when acting alone) move cargo toward the plus-ends of microtubules (6, 11) . In neurons, kinesins mediate primarily fast anterograde transport away from the cell body, as opposed to cytoplasmic dynein, which moves cargo toward the cell body (1, 12) .
A typical kinesin, such as conventional kinesin 1, is composed of two heavy chains (each approx. 124 kDa) and two light chains (each approx. 64 kDa) (13) . Each heavy chain consists of three parts: (a) a structurally conserved globular head motor domain that contains a catalytic site for ATP hydrolysis and a binding site for microtubules; (b) an α -helical coiled-coil stalk domain that permits protein-protein interactions connected to the head domain via a family-specifi c fl exible neck linker; and (c) a tail domain that binds cargos (6, 13, 14) . The light chains typically bind near the tail domain of the heavy chain (13) and are found, at least in kinesin-1, to promote cargo transport by suppressing the auto-inhibitory kinesin heavy chain tail-head and tail-microtubule interactions (15) . There are many exceptions to these organizing principles, including monomeric arrangement of the heavy chain (kinesin-3), the absence of a coiled-coil stalk domain (kinesin-13), a neck linker that is N-terminal to the catalytic core (kinesin-14) , and the absence of a cargo binding light chain (kinesin-2) (6, 13, 14) . Members of the kinesin superfamily are found in protozoa, fungi, plants, invertebrates and vertebrates; and at least 45 of them are encoded in the genomes of mice, rats and humans (6) . The majority of KIFs have their motor domain or catalytic core at the N-terminus (formerly called N-kinesins); some, such as the kinesin-13 family, have it in the middle (previously known as M-kinesin) and may exhibit microtubule depolymerizing activity; whereas still others have the motor domain at the C-terminus, as exemplifi ed by the kinesin-14 family members that are minus-end directed (6, 7, 16, 17) . Kinesin-14 Ncd also has the ability to bind microtubules via both its head and tail domains, thus enabling crosslinking and sliding of adjacent microtubules, such as in oocyte spindle assembly (18) .
A large number of kinesin-associated proteins have also been identifi ed. For example, the Miro/Milton is an adaptor protein complex that assists kinesin-1 ' s binding to its cargo, the mitochondrion (19) , and Miro1 links mitochondria to KIF5 to be transported to postsynaptic sites (20) . The kinesin superfamily-associated protein 3 (KAP3) was originally purifi ed as the 115 kDa subunit from sea urchin eggs in the heterotrimeric complex of kinesin-related protein KRP85/95/115 (21) and later from the mouse brain as a complex of three high molecular weight polypeptides (hence the name) that associate with KIF3A and KIF3B of the kinesin-2 family to mediate anterograde transport of membranous organelles (22) . This protein was fi rst sequenced in sea urchin eggs (23) and cloned as well as characterized in the mouse brain (24) . KAP3 has splice variants with a single species in mouse testis, and the tissue-specifi c composition of KAP3 may determine functional diversity of the KIF3 complex in different cell types (22) . Furthermore, this heteromeric kinesin-2 motor is regarded as that canonical motor driving anterograde intrafl agellar transport in virtually all cilia and fl agella and is essential for ciliogenesis (25) .
An excellent review of molecular motors, especially in neurons, appeared recently (26) . The present review focuses mainly on a key member of the kinesin-2 family, KIF17 and its diverse functions.
Phylogenetic relationships of kinesin-2 family members
Phylogenetic analysis based on protein sequence has significantly simplifi ed our understanding of the many kinesin gene families as well as the relationships of the many sequences from many species that are included in the kinesin-2 family [see (6) and associated website]. As shown in Figure 1 , which is a simplifi ed kinesin 2 phylogenetic tree, the kinesin heavy chains in this family fall into two distinct classes. KIF17 and its homologues (OSM-3 and KIN5) form a class of related homodimeric motors in which two heavy chains associate through coiled-coil domains to form a functional motor with a C-terminal cargo binding domain. The second class of kinesin-2 motors is derived from closely related heavy chains that are referred to in vertebrates as KIF3A, KIF3B, and KIF3C (6, 22, 27 -29) . As originally shown for proteins purifi ed from sea urchin (21) , these heavy chains or their homologues in other species, such as Danio rerio , Caenorhabditis elegans and Chlamydomonas reinhardtii that are included in Figure  1 , form heterotrimeric complexes consisting of two different heavy chains along with a C-terminal bound, cargo binding protein such as KAP3 (24) . The heterotrimer is often referred to as the KIF3 complex or simply as kinesin II (22, 29, 30) . The kinesin-2 family has not yet been found in fungi or higher plants, which are species that do not produce sperm or have cilia or fl agella (6) . Although there are two evolutionarily The tree was constructed with the Clustal W method of multi-sequence alignment using DNASTAR software. A more complete analysis of all kinesin heavy chains including the kinesin 2 family can be seen in (6) and the associated website. The tree shows evolutionary distance measured as substitutions per 100 amino acids using the full-length sequences of each heavy chain. Included are the heterotrimeric heavy chains KIF3A and KIF3B from Danio rerio and Mus musculus . The comparable heavy chains, KLP-20 and KLP-11, from Caenorhabditis elegans , and FLA10/KHP1 and FLA8 from Chlamydomonas reinhardtii are included as well. FLA8 is the heavy chain binding partner of FLA10 (58) . The homodimeric heavy chains include KIF17 from D. rerio and M. musculus , OSM-3 from C. elegans, and KIN5 from Tetrahymena thermophila . The dashed line associated with KIN5 represents a negative branch length caused by averaging during the alignment. A homodimeric kinesin 2 motor has not been described in C. reinhardtii . conserved kinds of kinesin-2 family motors, the nomenclature can be challenging because of the plethora of gene/protein names and the frequent historical use of the term ' kinesin II ' for the heterotrimeric motor. From a functional point of view, the concept of a homodimeric motor compared to a heterotrimeric motor is most useful in distinguishing the two members of the kinesin-2 family (see Figure 1 ).
Kinesin superfamily protein KIF17
KIF17 is a 170 kDa protein cloned from the mouse brain that is highly expressed in the gray matter of the central nervous system, but not in the white matter. It was reportedly absent in other organs, such as the lung, heart, liver, spleen, kidney and skeletal muscle (27) and was considered to be neuron-specifi c, although an earlier listing of the same protein claimed it to be testis-specifi c (31) . Now it is known that KIF17 is expressed in both neurons and testis, as well as in many other cell types with possible isoforms. KIF17 is a plus end-directed, homodimeric N-kinesin (N-4) belonging to the kinesin-2 family. KIF17 is the mammalian homolog of the molecular motor OSM-3 (osmotic avoidance abnormal protein 3; a dendritic motor for odorant receptors) in C. elegans and Kin5 in Tetrahymena thermophila , both mediating ciliary transport (32, 33) . The homodimeric KIF17 has a pair of head motor domains that bind to microtubules, a coiled-coil stalk, and a tail domain that binds cargos (6, 20, 22) . In the absence of cargo, KIF17 (or OSM-3) is thought to undergo auto-inhibition by folding about its central hinge to suppress motility (34, 35) (Figure 2 ). The folding enables the coiled-coil 2 (CC2) segment and the C-terminal tail domain of KIF17 to interact directly with the dimeric head motor domain. Two mechanisms have been proposed for autoinhibition: a) interaction of tail domain with the motor domain prevents the latter from binding to microtubules; and b) the CC2 segment interacts with the motor domain and inhibits processive motility (35) . Inhibition is relieved by the binding of cargos (34, 35) . The speed of KIF17 transport is calculated to be 0.8 -1.2 µ m/s, consistent with fast intracellular transport (27) . Kinesin-2 family members are involved in the transport of vesicles, melanosomes, intrafl agellar proteins (6, 36) , as well as many other functions. In intrafl agellar transport, OSM-3 is thought to serve as an accessory motor interacting with the KIF3 complex for assembly of the cilium (37) . Those functions that pertain specifi cally to KIF17 (or OSM-3) are discussed in the following section. 
Diverse functions of KIF17
Dendritic transport of NR2B and synaptic transmission When KIF17 was fi rst discovered in the murine brain, it was found to selectively transport N -methyl-D-aspartate receptor subunit 2B (NR2B, GluN2B, or NR ε 2) in vesicles along microtubules from the cell body exclusively to dendrites of neurons (27) . Entry into axons is permissible for vesicles carried by some kinesins, such as KIF5, but is strictly prohibited for NR2B-vesicles carried by KIF17, indicating a selective fi ltering system at the initial segment of axons that directs cargo traffi cking to specifi c neuronal compartments (38) . (44) . Thus, the mLin complex links KIF17 to the NR2B (and possibly the ubiquitous NR1)-containing vesicles to be transported along microtubules to their dendritic destination (27) , where NR2B forms an integral subunit of the postsynaptic glutamatergic N -methyl-D-aspartate (NMDA) receptor. The binding of KIF17 to the PDZ domain of mLin-10 is very precise, as disruption of either the fi rst PDZ domain of mLin-10 or the C-terminus of KIF17 reduces or eliminates such interactions and dendritic transport of NR2B is prohibited (27) . Such interaction is also regulated by a CaMKII (Ca 2 + /calmodulindependent protein kinase II)-dependent phosphorylation of KIF17 ' s tail region (at serine 1029), as phosphorylation disrupts the KIF17-Mint1 association and causes the release of cargo from its transporting microtubule (45) . A knockdown of KIF17 with chronic exposure to antisense oligonucleotides or a dominant negative construct down-regulates the expression of NR2B and mLin-10, but up-regulates the expression of NMDA receptor subunit 2A (NR2A) in hippocampal neurons (46) . Antisense knockdown of KIF17 in prefrontal cortical neurons reduces the basal whole cell NMDA receptor currents, and the application of a microtubule depolymerizing agent nocodazole, which normally decreases NMDAevoked currents, has no effect on NMDA receptor currents in KIF-17 knockdown neurons (47) . Thus, NMDA receptor currents appear to be regulated by KIF17-mediated transport of NR2B along microtubules to dendrites. Up-regulating NR2B with an NMDA receptor antagonist D(-)-2-amino-5-phosphonopentanoic acid increases the expression of KIF17 (46) . These fi ndings are consistent with a dual regulation of the cargo and its motor in neurons (see section ' Transcriptional regulation of KIF17 ' ).
Dendritic transport of kainate receptor subunit kainate receptor 5 (GluR5)
Glutamate receptors can be broadly subdivided into NMDA and non-NMDA receptors. The latter can be further classifi ed into AMPA, kainate, and metabotropic receptors (48 -50) . Thus far, KIF17 has been linked primarily to the transport of NR2B in the CNS (27) . More recently, however, the kainate receptor GluR5 was found to be transported by KIF17 in a complex with other kainate receptor subunits GluR6 and KA2 from the soma to distal dendrites in cultured hippocampal neurons (51) . Whereas the transport of GluR5 to the distal dendrites is dependent on the presence of GluR6, KA2, as well as KIF17, its transport to the proximal dendrites is independent of all three (51) , raising the possibility that other transport motors may be involved in the initial somato-dendritic transport of GluR5 and that KIF17 takes over when GluR5 is ready to complex with GluR6 and KA2 in distal dendrites.
Dendritic transport of potassium Kv4.2 channels
Besides NR2B, KIF17 also transports the voltage-gated K + channel Kv4.2 from the cell body to dendrites of neurons (52) . Kv4.2 is found exclusively in dendrites and is a major regulator of dendritic excitability (52) . Although the extreme C-terminus of Kv4.2 (and not the dileucine dendritic targeting motif) is found to interact with KIF17, it is not known if the interaction is direct or indirect; and although KIF17 has been determined to be necessary for the localization of Kv4.2, by itself KIF17 does not specify dendritic localization of the channel protein (52) . These results suggest the participation of a linking protein, such as the Lin complex found for the transport of NR2B. Lin-7 (MALS) proteins, in particular, have been suspected to contribute to dendritic and postsynaptic targeting of neuronal transmembrane proteins (44) .
Dendritic transport of mRNA

In vertebrate cells, the export of poly(A)
+ RNA from the nucleus to the cytoplasm is mediated by a conserved family of proteins known as Tap/NXF (Tip-associated protein/ nuclear RNA export factors) (53, 54) . Within the NXF family, NXF2 has been found to play an additional role. In the cytoplasm, it interacts with several motor proteins, such as KIF9, DyneinLC1-like protein, and KIF17, and thus may mediate cytoplasmic localization of mRNAs (55) . In cultured hippocampal neurons, the N-terminus of NXF2 interacts with the C-terminus of KIF17, and they form RNA granules that move bidirectionally along dendrites in a microtubule-dependent manner (55) . The movement, however, is much slower than that of vesicles transported by KIF17 (approx. 0.13 µ m/s vs. 0.76 µ m/s). NXF2 has also been found to bind Fragile X mental retardation protein (FMRP), a known RNA-binding protein (56) , and this binding site coincides with that for KIF17 necessary for dendritic targeting of NXF2 (55) . However, the precise RNA species bound to NXF2 and/or FMRP and transported to dendrites is (are) as yet unknown.
Intrafl agellar transport, ciliogenesis, and chemosensory transduction
Microtubules form the cytoskeletal backbone or axoneme of fl agella (nine doublets plus two central microtubules), primary cilia (non-motile; 9 + 0), and motile cilia (9 + 2). These microtubules provide not only structural support, but are critical in the genesis, assembly, maintenance, and overall health of cilia and fl agella. These processes are mediated, in large part, by intrafl agellar transport (IFT) of axoneme precursors and membrane proteins via kinesin and dynein family motors along microtubules (25) . A variety of kinesins have been associated with cilia and fl agella, the most prevalent ones are in the kinesin-2 family: KIF3A, KIF3B, and KIF17 or their homologs FLA10/ FLA8, KLP-20/KLP-11 and OSM-3 (see Figure 1 ) that mediate IFT essential for the genesis and maintenance of cilia and fl agella in diverse organisms (16, 25, 57, 58) . The discovery of IFT was made in the unicellular green alga, C. reinhardtii (59) , it was subsequently found that a homolog of KIF3A known as KHP1 or FLA10 was important for IFT and fl agella maintenance (60, 61) . These studies led to the fi nding that the heterotrimeric kinesin II motor is responsible for the anterograde transport of IFT protein complexes or particles within the fl agellum (62) . This concept has now been generalized to include virtually all cilia and fl agella (25, 57, 63) .
In the chemosensory cilia of the nematode C. elegans , the heterotrimeric CeKinesin II and the homodimeric CeOSM-3, homologues of the KIF3 complex (or kinesin II) and KIF17, respectively, are both involved in the transport of ciliary components or IFT particles essential for the assembly of cilia in chemosensory neurons (25, 32) . The two motors function redundantly to transport IFT particles along doublet microtubules in forming the axoneme ' s middle segment, but OSM-3 alone transports the particles along distal singlet microtubules to stabilize the distal segment of amphid channel cilia (64) . Interestingly, Cekinesin II and OSM-3 function completely redundantly in building the full-length of amphid wing cilia in C. elegans (65) , and in yet other cilia, OSM-3 functions independently of Cekinesin II (66) . Thus, KIF17/OSM-3 in these specialized neurons takes part in the anterograde transport of axonemal components and membrane proteins in IFT particles, in ciliogenesis, and in chemosensory perception and signal transduction important in mating, egg laying, feeding, movement and general development (32) . In T. thermophila , KIN5 mediates intraciliary transport, just like its homolog OSM-3 (32) , while in mammals, KIF17 is endogenously expressed in MDCK (Madin Darby canine kidney) epithelial cells, where it is required for the transport of exogenously expressed cyclic nucleotide-gated channels into the cilium (67) .
Although kinesin-2 proteins are the key IFT motors in cilia and fl agella, other factors are found to modulate their activities. In the cephalic male cilia of C. elegans , kinesin-3 KLP-6 modulates IFT dynamics and length by decreasing the velocity of OSM-3 and IFT (68) . A ciliary-cytoplasmic gradient of the small Ran GTPase (with high levels in the cilium) was recently proposed to regulate the entry of KIF17 into cilia, as disruption of this gradient prevents such admission (69) . It turns out that the entrance of kinesin motors into the cilium utilizes a mechanism that is very similar to that of protein entry into the nucleus. In the case of KIF17, the KRKK sequence in its tail domain serves as the ciliary localizing signal (CLS), similar to the nuclear localizing signal (NLS) of other proteins. Cytoplasmic interaction of KIF17 with a nuclear import protein importin-β 2 is dependent on the CLS, and as the motor/importin complex crosses the ciliary barrier, it is confronted by a high level of RanGTP, which is proposed to dissociate the complex and release KIF17 to perform its function in the cilium (69) .
Transport of cyclic nucleotide-gated channels to cilia of olfactory sensory neurons
KIF17 also exists in mammalian olfactory sensory neurons, where it is thought to play a role in the transport of chemosensory signaling cyclic nucleotide-gated (CNG) channels into the non-motile cilia (67) . Although CNG channels are clustered in olfactory cilia (70) , the data supporting a role for KIF17 are indirect in that they are based on the transport of exogenously expressed CNG channels in kidney epithelial cells. Both KIF3A (or the KIF3 complex) and KIF17 are implicated in chemosensory transduction in olfactory neurons (67) . The precise role of each, however, is not clear, as dominant negative suppression of KIF3A leads to a loss of cilia, while dominant negative KIF17 blocks ciliary targeting of CNG channels without disrupting cilium formation (67) . The C-terminal ciliary-targeting motif, RVxP, in the CNGB1b subunit is also critical, as mutation of this motif results in reduced or failed targeting of the channel to the cilia (67) . However, the mechanism by which the C-terminal domain of CNGB1b interacts with KIF17 and is transported into the cilium is not understood.
Photoreceptor outer segment development
The outer segment of photoreceptor cells is derived from a primary cilium that extends from the inner segment of the cell body and remains in differentiated cells as a connecting cilium between the inner and outer segments (71) . This sensory cilium mediates phototransduction via visual pigments embedded in the outer segment discs. The central axoneme of the connecting cilium is made up of a ring-like 9 + 0 doublet microtubules that are linked to the adjacent plasma membrane in a manner similar to that occurring in the proximal transition zone common to virtually all cilia (71) . However, the axoneme extends into the outer segment and, in the most distal domain, the doublets lose their B-tubule to become singlets (72) . As with other sensory cilia, IFT mediated by the KIF3 complex (kinesin II) is essential for forming the outer segment (73, 74) .
The organization of the photoreceptor sensory cilium resembles that of C. elegans sensory cilia in two ways. First, it forms from the distal region of the inner segment, which is structurally equivalent to the dendritic region of C. elegans sensory neurons. Second, distal segments of C. elegans sensory cilia often terminate in singlet microtubules. This structural similarity along with the fi nding that the KIF17 homologue, OSM-3, is required for building distal singlets in C. elegans (64) led directly to the idea that photoreceptor IFT would involve both the KIF3 complex (kinesin II) and KIF17 (75) . KIF17 is found to co-localize with IFT proteins (such as IFT88, IFT20, and IFT52) and mediate their transport in photoreceptor cilia (72, 76) . Immuno-EM analysis of zebrafi sh photoreceptors confi rmed that both motors are associated with microtubule doublets of the connecting cilium and axonemal microtubules in the outer segments, as well as portions of inner segments that assemble IFT complex (72) . At the light microscopic level, KIF17 is found along the entire length of the axoneme (76) . Co-immunoprecipitation studies of mouse retinal extracts indicate that IFT88 interacts with both the KIF3 complex (kinesin II) and KIF17 (72) . Hence, the two family members may function in both cooperative and independent manner within the outer segment. Knocking down KIF17 in zebrafi sh with antisense morpholino has little effect on early embryogenesis or on the development of pronephric cilia, but the targeting of visual pigment proteins and the formation of outer segments are severely disrupted (75) . The severity of disruption is positively correlated with the degree of deficiency in KIF17, which is most prominent in central retina, where the outer segments almost completely fail to form (75) . To tease apart the respective roles played by the two members of the kinesin-2 family, dominant negative forms of KIF3B or KIF17 driven by a late-onset, cone-specifi c transducin promoter was generated in zebrafi sh cone photoreceptors (72, 77) . Dominant negative KIF3B disrupted the functions of both inner segments and synaptic terminals. This was characterized mainly by cone opsin mislocalization, accumulation of vacuoles and dense material in inner segments, and paucity of synaptic ribbons in cone pedicles, leading to cone cell death. Dominant negative KIF17, on the other hand, affected primarily outer segment assembly with disruption of outer segment discs and stunted growth of cone outer segments. Thus, the KIF3 complex and KIF17 have different roles in cone development and maintenance in the zebrafi sh, and KIF17 is critically important in outer segment development, a form of vertebrate ciliogenesis (72) .
Spermatogenesis
When KIF17 was fi rst listed but not characterized, it was considered ' testis-specifi c ' with Northern blotting (27) . Subsequent description of this motor protein in testis has referred to it as KIF17b (78 -82) . KIF17b is highly expressed in male germ cells, where it associates with and directs the subcellular localization of a transcriptional coactivator ACT, an activator of cAMP-responsive element modulator (CREM), thereby regulating CREM-dependent transcription in the testis (78, 80, 83) . Interestingly, ACT binds to the central stalk rather than the C-terminus of KIF17b (see Figure 2) , and the transport of ACT from the nucleus to the cytoplasm by KIF17b after the onset of spermatid elongation is independent of microtubules and the motor domain of the kinesin. This is a novel, microtubule-independent function of a kinesin; however, the transport is modulated by cyclic AMP-dependent protein kinase A-mediated phosphorylation of KIF17b (84) . ACT null mice are fertile, but have a markedly reduced amount of male sperm, and the remaining ones exhibit severe abnormalities (85) 
KIF17b also interacts with TB-RBP (testis brain RNAbinding protein), a murine orthologue of the human Translin) in the nucleocytoplasmic transport of CREM-regulated mRNAs in male germ cells (79) . When the mRNA cargo is released, it coincides with the commencement of mRNA translation (79) . Thus, it can be inferred that KIF17b is involved in the sequential regulation of transcription and transport, but not the translation, of CREM-dependent mRNAs in the male postmeiotic germ cells. These processes are vital for spermatogenesis.
KIF17b has also been localized to the chromatoid bodies of round spermatids, where it interacts with a testis-specifi c PIWI/Argonaute family member, MIWI, which is implicated in RNA metabolism as well as in the formation of chromatoid bodies (81) . Thus, KIF17b is implicated in the loading of haploid RNAs in the chromatoid bodies of spermatids.
Yet another cargo of KIF17b in the spermatids is Spatial (stromal protein associated with thymii and lymph-node), a putative nuclear factor highly expressed in thymus, brain, and testis (86) . The expression in testis is developmentally regulated, and appears only in adult mice commencing at 7 -8 weeks of age, in step 2 -10 spermatids during spermiogenesis (86) . The Spatial gene gives rise to fi ve alternatively spliced variants (three short isoforms α , β , and γ , and two long isoforms δ and ε ) with apparent tissue-specifi c distribution (87) . It is Spatial-ε that interacts with KIF17b in a microtubuledependent manner in the manchette of elongating spermatids and in the principal piece of the spermatozoa tail, both of which have highly organized microtubules (82) . The function of KIF17b in these structures is unknown, but is postulated to involve intramanchette transport and intrafl agellar transport. A distinct motif at the C-terminus of Spatial-ε is RVHP, which is reminiscent of the RVxP motif in CNGB1b, which is essential for ciliary targeting (see section ' Transport of cyclic nucleotide-gated channels to cilia of olfactory sensory neurons ' ). However, defi nitive experiments have not yet been done to validate the mechanism of interaction between KIF17b and Spatial-ε , nor of their precise functions. Interestingly, Spatial-ε is also found in round spermatids, where KIF17b mediates the microtubule-independent, intracellular localization of ACT (see above), and the three (Spatial-ε , KIF17b, and ACT) can conceivably form a complex (82) . Thus, KIF17b is likely to play multifaceted roles in different stages of spermatogenesis.
Epithelial polarity and morphogenesis
Epithelial cells are often highly polarized, and this involves selective microtubule stabilization and reorganization. KIF17 has recently been found to contribute to such polarization (88) . The motor domain of KIF17 interacts with the C-terminal coiled-coil region of a plus-end binding protein ( + TIP) known as EB1 (end-binding protein 1), and the latter targets KIF17 to the microtubule plus ends (88) . In addition, the coiled-coil region of KIF17 interacts with the N-terminal region of another + TIP protein called APC (adenomatous polyposis coli) and carries APC as a cargo to the plus ends of a subset of microtubules that converge in cell extensions. ATPase activity of KIF17 is necessary for this function and it may be regulated by EB1 (88) . As EB1 and APC are involved in the regulation of microtubule dynamics and stabilization in fi broblasts (89) , the tripartite complex (KIF17, EB1, and APC) is hypothesized to play a critical role in stabilizing microtubules and in regulating microtubule dynamics in epithelial cells (88) . The stability of microtubules is enhanced by posttranslational acetylation, which appears to be infl uenced by KIF17, as a knockdown of KIF17 with shRNA reduces the level of acetylated microtubules (88) . Likewise, silencing KIF17 leads to a 30 % faster growth of microtubules in epithelial cells, indicating that KIF17 is involved in the control of microtubule polymerization and dynamics in these cells (88) . By stabilizing specifi c sets of microtubules, perhaps via capping of the plus ends of microtubules, KIF17 also contributes to the apical-basolateral polarization of cells during epithelial morphogenesis (88) . However, the exact mechanisms by which KIF17 regulates microtubule polymerization and dynamics in epithelial cells remain unclear.
Placental transport and development
KIF17 has been localized to the vascular endothelium of early, normal and pathological term human placental villi, where vasculogenesis and angiogenesis occur (90) . Its presence in hematopoietic and Hofbauer cells of early, but not term, placentas raises the possibility that KIF17 may be involved in the development of hematopoietic cells and in placental vascular formation. The strong immunoreactivity of KIF17 in the endothelium of villi in preeclamptic and diabetic placentas implies that its activity is enhanced in these pathological conditions. However, the precise cargo is not known, and the role of KIF17 in placental vascular development and pathologies remains to be explored.
Development of specifi c brain regions
Spatial (see section on Spermatogenesis above) is also highly expressed in specifi c regions of the developing and adult murine central nervous system, such as the developing cerebellum, hippocampus and the cortex; also its expression is temporally coincidental with the commencement of neuronal differentiation in some of these regions (91) . In primary cultures of hippocampal neurons, Spatial is colocalized with KIF17 in dendrites, and both Spatial-ε and Spatial-β physically interact with KIF17 in co-immunoprecipitation studies (91) . As Spatial-β expression overlaps with the beginning of granule and pyramidal cell differentiation in the hippocampus, it is tempting to suggest that Spatial-β complexes with Spatial-ε as they are being transported from the soma to the dendrites on microtubules powered by KIF17 (91) . However, the precise role of KIF17, if any, in neuronal morphogenesis during brain development awaits future investigation.
Neuronal plasticity and higher cognitive functions, including learning and memory
As discussed above, a major neuronal cargo of KIF17 is NR2B. It is an important subunit of the ionotropic, voltagesensitive, heteromeric glutamatergic NMDA receptor, which is made up of the ubiquitous NR1 (GluN1) and various combinations of NR2A, 2B, 2C, and 2D (GluN2A-2D) subunits that differ with age and brain regions (50, 92) . NR2B binds to calcium/calmodulin-dependent protein kinase II (CamKII) at the postsynaptic density (PSD) sites (93) . This interaction is important for synapse formation, maturation and the induction of long-term potentiation (LTP), a cellular basis of learning and memory (94, 95) . NR2B binding is also found to cause a 11-fold increase in the affi nity of CaMKII for ATP and confers an energy-effi cient switch between phosphorylated and dephosphorylated states in the PSD that supports synaptic memory (96) . The involvement of NR2B in spatial memory performance and consolidation (97, 98) is strengthened by fi ndings that adult transgenic mice with conditional knockout of NR2B in the cortex and CA1 region of the hippocampus exhibit impaired long-term depression, decreased dendritic spine density, disrupted learning and memory (99) . However, over-expression of NR2B in the forebrain enhances learning and memory in transgenic mice (100) .
The critical role of KIF17 in transporting NR2B subunit to postsynaptic dendrites (27) and the known involvement of NR2B in neuronal plasticity, learning and memory (97, 99) has prompted the question of whether the level of KIF17 directly affects such cognitive functions. Over-expression of KIF17 is found to enhance spatial and working memory in transgenic mice (39) . They learn the Morris water maze tasks more rapidly and they show signifi cantly shorter escape latencies than their wild-type littermates (39) . In these animals, the level of NR2B proteins in the cortex and hippocampus is up-regulated 1.5-fold and that of NR1 is also slightly increased. The level of NR2A proteins, however, is slightly reduced. By the same token, the level of NR2B mRNA is also up-regulated nearly 2-fold as compared to the wild type (39) . Consistent with these fi ndings, recent loss-of-function studies in KIF17-/-mice (101) show reduced NR2B transport, impaired long-term potentiation, and impaired performance in tests of learning and memory.
Emotion and cognition
A link between KIF17 and cortical control of emotion and cognitive function can be gleaned from a cascade of events that mediate serotonergic regulation of NMDA receptors via a microtubule-dependent mechanism in prefrontal cortical neurons. It is known that one of the serotonergic receptors, 5-hydroxytryptamine or serotonin 1A (5-HT 1A ) receptors, is highly expressed in the prefrontal cortex (102) and that it is up-regulated in schizophrenic patients (103) . However, 5-HT 1A receptor null mice exhibit increased anxiety (104) . 5-HT 1A receptors inhibit NMDA receptor-mediated ionic and synaptic currents by reducing microtubule stability, inhibiting the transport of NR2B by KIF17 and reducing the density of surface NR2B subunits on dendrites of prefrontal cortical neurons (105) . Cellular knock-down of KIF17 blocks the 5-HT 1A effect on NMDA receptor-mediated currents (105) . Inhibition of CaMKII or MEK/ERK (mitogen-activated protein kinase kinase/extracellular signal-regulated kinase) also abolishes the 5-HT 1A modulation of NMDA receptormediated currents (105) , indicating that these kinases are involved in the transport of NR2B, perhaps by phosphorylating MAP2 (microtubule-associated protein 2), a known dendritic protein (106) . Chronic administration of methamphetamine for two weeks induces an increase in protein expression of both KIF17 and NR2B (NR ε 2) in the frontal cortex of mice, suggesting that both proteins may be involved in enhanced response to glutamate after repeated exposure to amphetamine (107) . Thus, KIF17 performs a variety of functions, which are schematically summarized in Figure 3 .
Transcriptional regulation of KIF17
Although KIF17 in testis (KIF17b) is involved in the transcriptional regulation of target genes of CREM and in determining the subcellular localization of ACT (84) , the transcriptional regulation of Kif17 gene itself, and indeed of many other Kif genes, have surprisingly received very little attention and is poorly understood.
Over-expression of KIF17 induced a 1.5-fold up-regulation of its cargo protein, NR2B, as well as a 2-fold increase of NR2B mRNA as compared to the wild-type littermates, suggesting that KIF17 and NR2B mRNAs might be regulated by a ' pretranscriptional process ' in the transgenic mice (39) . The authors suggested that cAMP-response element binding protein (CREB) may play such a role, as the level of phosphorylated CREB (but not total CREB) was increased in forebrain homogenates of these mice (39) . Likewise, Kif17 knockout leads to attenuated phosphorylation of CREB that is partially rescued by overexpression of NR2A, but not NR2B, presumably because NR2A contributes to CREB activation, but NR2B cannot reach the synaptic site for activation (101) . On the other hand, expression of KIF17 does rescue the CREB response in Kif17 -/-neurons (101) . These experiments suggest an association between KIF delivery of NR2B and CREB activation, but they do not directly address a transcriptional link between KIF17 and NR2B.
Such a link was recently found to be mediated by a transcription factor known as nuclear respiratory factor 1 (NRF-1) (108) . NRF-1 plays an important role in mitochondrial energy metabolism, as it activates the transcription of nuclear genes encoding a number of subunits of the respiratory chain complexes, plus it regulates the expression of transcription factors A and B of mitochondria (TFAM, TFB1M, and TFB2M) responsible for the transcription and replication of mitochondrial DNA [reviewed in (109) ]. Of the fi ve electron transport chain complexes, complex IV or cytochrome c oxidase (COX) has been proven to be a metabolic marker of neuronal activity, as energy in neurons is used primarily to repolarize membrane potentials after depolarizing activation, and neuronal activity and energy metabolism are tightly coupled processes (110) . COX is one of only four bigenomic enzymes, with three subunits encoded in the mitochondrial genome and 10 in the nuclear DNA (111) . Transcriptional control of such a multisubunit, bigenomic and multi-chromosomally-derived enzyme appeared daunting, until the discovery that NRF-1 directly regulates the expression of all 10 nuclear-encoded COX subunit genes (112) of the three mitochondrial-encoded COX subunit genes via its control of Tfam and Tfbms (109, 113) . Moreover, NRF-1 also directly regulates the expression of critical components of glutamatergic synapses, including NR1 and NR2B of NMDA receptors, GluR2 of AMPA receptors and neuronal nitric oxide synthase (a downstream mediator of glutamatergic synaptic transmission) (114 -116) . Thus, NRF-1 coordinates the tight coupling between neuronal activity and energy metabolism at the transcriptional level.
By means of in vitro electrophoretic mobility shift and supershift assays, in vivo chromatin immunoprecipitation assays, promoter mutations and real-time quantitative PCR, it was found that NRF-1 functionally regulates Kif17 , but not Kif1a , gene in neurons (108) . NRF-1 binding sites on the promoter of Kif17 gene are highly conserved among rats, mice, and humans. Over-expressing NRF-1 rescues the suppressed expressions of Kif17 mRNA and proteins induced by tetrodotoxin-mediated impulse blockade. Whereas, silencing of NRF-1 with small hairpin RNA blocks the up-regulation of Kif17 transcripts and proteins induced by KCl-generated depolarizing stimulation (108) . Thus, NRF-1 co-regulates KIF17 and its cargo, NR2B, in neurons (108, 114) . Moreover, by coupling the regulation of oxidative enzymes that generate energy and neurochemicals that consume energy during neuronal activity, NRF-1 ensures that energy produced matches energy utilized at the cellular and molecular levels in neurons. Whether NRF-1 acts alone or in combination with other transcription factors, such as CREB, in regulating KIF17 is as yet unknown. A schematic diagram of transcriptional co-regulation by NRF-1 is shown in Figure 4 . Not only does NRF-1 co-regulate glutamatergic neurochemicals, such as NR1/NR2B (and others not depicted here) and agents of energy metabolism, such as cytochrome c oxidase, it also regulates the motor that transports NR2B (and possibly NR1), i.e., KIF17. Membrane depolarization resulting from glutamatergic neurotransmission requires ATP generated by oxidative metabolism (of which cytochrome c oxidase is the terminal enzyme) for repolarization to enable reactivation. ATP is also used to fuel the transport motor KIF17. Thus, NRF-1 ensures that energy produced matches energy utilized in synaptic transmission by neurons. Other factors, such as CREB, may also contribute to this process, but it remains to be proven. See text for details.
Diseases and pathologies related to KIF17
Defects in cilia and fl agella: ciliopathy
Structural and functional integrity of cilia and fl agella are important to the health of the cell and of the organism. Defects in ciliogenesis and/or function can lead to a number of diseases, collectively known as ciliopathies (25, 117, 118) . By the same token, the kinesin-2 family members that mediate the assembly and maintenance of the cilia/fl agella via the transport of IFT particles are vital motors in this regard (68) . Disruption of motile cilia that propel mucus across respiratory epithelia can lead to rhinitis, sinusitis and bronchiectasis (119) . Defective assembly of non-motile cilia of kidney principal cells, such as those caused by an insertional mutation of the gene for IFT88 particles ( Tg737 in mouse and human) may result in polycystic kidney disease (25, 119) . Mutation in the Tg737 gene in the murine retina causes developmental abnormality and eventual degeneration of rod outer segments (73) . A complete knockout of Tg737 in mice is embryonically lethal (120) . These embryos have neural tube defects, enlarged pericardial sac, and a prominent situs inversus, which results from a lack of nodal cilia that normally assist in left-right axis determination (120) . Mutations in genes for other IFT particles known to be transported by OSM-3 or KIF17, such as IFT80, IFT43, IGT121, IFT122 and IFT139, also cause multisystem ciliopathies in animals and humans, including Jeune asphyxiating thoracic dystrophy, cranioectodermal dysplasia or Sensenbrenner syndrome and nephronophthisis (121 -124) . Mutation or absent IFT140 leads to short fl agella and possible defect in retrograde transport in trypanosomes (125) . Mutations in the osm-3 gene in C. elegans results in an inability to form normal ciliated chemosensory neurons and thus a defect in chemosensation (126) . In mammals, mutations or loss of KIF3A function in cilia results in severe hypoplasia and abnormal foliation of the cerebellum attributable to defects in granule cell proliferation (127) . Ciliopathies are also implicated in several human diseases involving cystic kidneys and retinal degeneration, such as Bardet-Biedl syndrome, Jeune syndrome and Senior-Loken syndrome (25) . Nonetheless, at present a human ciliopathy has not been defi nitively linked to KIF17.
Defects in neuronal functioning, plasticity and learning
Defective transport of receptor proteins and ion channels can lead to faulty signal transduction cascades, resulting in abnormal or failed neuronal functioning. Disruption of the Kif17 gene in mice inhibits the transport of NR2B, decreases Grin2b transcription, reduces the availability of synaptic NR2B and attenuates NMDA receptor-mediated synaptic currents in hippocampal neurons (101) . Surprisingly, the level of NR2A is also reduced due to increased degradation via the ubiquitinproteasome system (101) . As a result, both early and late long-term potentiation, long-term depression and cAMP-response element binding protein (CREB)-dependent responses are also attenuated, leading to impairment in the acquisition and consolidation of memory in knockout mice (101) .
Animal model of Down syndrome
Down syndrome, or trisomy 21, is characterized by impaired learning and memory associated with synaptic dysfunction in the hippocampus, among other defi cits (128) . In a Ts65Dn mouse model of Down syndrome that bears a triplicated segment of chromosome 16, which shares > 50 % homology with human chromosome 21, a signifi cant decline in the level of KIF17 is found in the brain (129) . These animals exhibit a number of developmental, learning and behavioral defi cits found in Down syndrome (130, 131) . However, the true cause of learning defi cits in these animals is not clear, as the levels of both NR2B and NR2A are reportedly unchanged (129) . Long-term potentiation, as induced by in vitro high-frequency stimulation of hippocampal neurons in adult Ts65Dn mice, is either reduced (132) or unchanged (133) . However, a signifi cant reduction in LTP is observed with theta burst stimulation of the hippocampus in Ts65Dn mice as compared to euploid controls (133) . An increase in γ -amino butyric acid A (GABA A ) receptor-mediated inhibition may contribute to the defect, as bath application of picrotoxin, a GABA A receptor antagonist, normalizes NMDA receptor-mediated currents and restores LTP in the hippocampus (133, 134) . Decreased levels of KIF17 may play a role in reduced or abnormal traffi cking of NR2B and/or GluR5 to the synapse, thereby directly or indirectly cause synaptic dysfunction. However, defi nitive proof is still lacking.
Schizophrenia
Abnormal glutamatergic neurotransmission has been implicated in schizophrenia, and the NMDA receptor hypofunction hypothesis has been proposed to mediate cognitive dysfunction (135) . This raises the intriguing question as to whether the expressions of NR2B and its transporter KIF17 would be altered in this illness. In a study of a group of elderly patients with schizophrenia, the levels of transcripts for a number of NR2B traffi cking complex proteins, such as CASK, mLin7A, mLin7C and APBA1 were increased in the prefrontal cortex, whereas those of proteins for CASK and mLin7C were decreased in the anterior cingulated cortex in postmortem schizophrenic brains as compared to a ' comparison ' group (136) . However, no change was observed for KIF17 or NR2B (136, 137) . On the other hand, chronic administration of antipsychotic drugs such as haloperidol in rats increases the expression of KIF17 and mLin7A in the frontal cortex, but does not affect that of CASK, mLin7C and APBA1 (136) .
Interpretations of these fi ndings are made diffi cult for several reasons, including: a) natural heterogeneity among human subjects with respect to genetics, gender, medical history and environmental factors; b) the precise neuronal type(s) that express(es) altered transcript and protein levels is(are) not known; c) altered levels of NR2B and/or KIF17 in dendrites may escape the detection of methods used; d) traffi cking complex proteins such as CASK, mLin7 and APBA1 may have functions other than transporting NR2B, these functions may or may not be related to schizophrenia; e) postmortem delays may vary among the subjects, leading to varied outcome; and f) rodent models of diseases that affect higher cognitive functions are not always ideal, as these animals have relatively sparse association cortical areas compared to humans. Interestingly, the level of kainate receptor GluR5, a cargo of KIF17 (see section ' Dendritic transport of kainate receptor subunit GluR5 ' ), is reportedly decreased in postmortem schizophrenic brains (138, 139) . It is possible that abnormal transporting of NR2B and GluR5 by KIF17 exists in schizophrenia via an as yet unknown mechanism. Recently, the KIF17 gene has been proposed as one of the candidate genes for schizophrenia (140) . In a cohort of 188 patients with sporadic schizophrenia, a de novo nonsense truncating mutation in KIF17 (C1725A, Y575X) was found in one patient (140) . This results in a KIF17 protein that lacks the last 454 amino acids, which effectively removes the CamKII phosphorylation site and the C-terminal PDZ domain necessary for cargo binding and release (see above). Knocking down the orthologous Kif17 gene in the zebrafi sh with antisense morpholino oligonucleotides reportedly yields a truncated protein and developmental defects (140) . Despite the tantalizing possibility, the concept is based on a single patient and the effect of Kif17 knockdown on early zebrafi sh development contrasts sharply with prior studies showing that morpholino knockdown, suffi cient to suppress KIF17 protein and alter photoreceptor development, had little or no effect on early embryogenesis (75) . Thus, the exact role of KIF17 in schizophrenia, if any, awaits future cumulative studies.
Response to oxidative and excitotoxic stress in cultured neurons with Cu/Zn SOD1 mutation related to amyotrophic lateral sclerosis (ALS)
Ten to 20% of familial ALS are caused by a gain of function mutation (G93A) of the Cu/Zn superoxide dismutase gene ( SOD1 ) (141) . Progressive degeneration of motor neurons is thought to be due to oxidative stress or glutamate excitotoxicity, among many other plausible factors (142) . When cultured neurons harboring the mutant SOD1 gene were exposed to 50 µ m H 2 O 2 (an agent known to induce oxidative stress) for 6 h, it caused a 39 % reduction in neuronal survival as compared to controls (143) . At the same time, microarray analyses revealed that 59 transcripts were up-regulated and 104 were down-regulated by the H 2 O 2 treatment in transgenic cortical neurons as compared to non-transgenic ones (143) . Among the up-regulated genes, KIF17 exhibited a 2.3-fold increase in transgenic vs. non-transgenic neurons. However, the expression of this gene did not change when transgenic neurons were exposed to 2 mm NMDA treatment for 6 h, a regimen known to induce excitotoxicity (143) . The complexicity of altered expressions of numerous transcripts and proteins in affected neurons exposed to neurotoxins suggests that multiple cellular mechanisms are involved.
Summary
The intracellular transport of proteins, nucleic acids, macromolecules and organelles is a fundamental and vital function of all cells. Kinesin and dynein transport motors play critical roles in this process. The multitude of cargo species and cellular tasks during developmental and mature states necessitate the evolution of diverse forms of these motors. KIF17, though discovered only a dozen years ago, has its homolog OSM-3 in C. elegans and Kin5 in Tetrahymena , indicating a long evolutionary history. The main function of KIF17 is to deliver cargos in an ATP-dependent manner along and toward the plus ends of microtubules. The cargos vary in different cell types, but the overriding theme is that the delivery is to the ends of processes, such as to the tips of dendrites, cilia, or outer segments of photoreceptor cells. Of interest is the microtubule-independent transport of ACT from the nucleus to the cytoplasm in testis. Critical cellular functions depend on the transport ability of KIF17, whose dysfunction can lead to a multitude of diseases and pathologies. The transcriptional regulation of KIF17 is a relatively new focus, the co-regulation of KIF17 and its cargo NR2B by the same transcription factor NRF-1, which also controls the expression of energygenerating enzyme cytochrome c oxidase, suggests a tight coupling at the molecular level between energy utilization by KIF17 and synaptic neurochemicals and energy production in neurons. Similar mechanisms may exist in other cell types.
Outlook
Much has been learned about KIF17 in recent years, but much remains to be explored. As more cell types, organs, brain regions and species are probed, more cargos and more diverse functions of KIF17 will be uncovered. The list of kinesinassociated proteins is likely to grow and their roles in identifying cargos and in assisting the transport mechanism will become clearer. Conditional knockouts of KIF17 will reveal the precise function of KIF17 in different cell types during different stages of development and in the adult. The basic mechanisms underlying various KIF17-related pathologies will undoubtedly be explored. Finally, the full transcriptional machinery in regulating KIF17 expression in various cell types will also be elucidated. Her research focuses on probing the molecular mechanisms underlying a tight coupling between energy metabolism and neuronal activity. Twenty plus years ago she proposed such coupling at the cellular level, now her laboratory has documented its existence at the molecular level. The same transcription factor, nuclear respiratory factor 1 (NRF-1) co-regulates energy metabolism (all 13 subunits of cytochrome c oxidase, an essential oxidative enzyme) and neurochemicals of synaptic transmission (including NMDA receptor subunits NR1 and NR2B, GluR2, and nNOS, as well as the motor KIF17 that transports NR2B from the soma to dendrites of neurons). Such mechanism ensures that energy production precisely matches energy needs of neuronal activity. Another research area is unraveling the neurochemical, metabolic, ventilatory, and electrophysiological bases of a postnatal critical period of respiratory development that has signifi cant implications for Sudden Infant Death Syndrome. 
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